P1_6 Golden Delivery by Dexter, Katie et al.
Journal of Physics Special Topics 
 
1 
 
P1_6 Golden Delivery 
 
Dexter K, Connors R, Argyle J, Scoular C 
Department of Physics and Astronomy, University of Leicester, Leicester, LE1 7RH. 
November 27, 2012 
Abstract 
This article investigates the magnitude of the magnetic field gradient required to transport a 
gold nanoparticle of 1.9nm in diameter through the cardiovascular system. As an upper limit, the 
gradient required to overcome the blood flow velocity in the aorta was calculated by setting the 
force from the magnetic field gradient to be larger than or equal to the viscous drag from the 
blood. This yielded a magnetic field gradient of 1.3x1013Tm-1 which is far higher than what is 
achievable at present. The effects of such a high magnetic field gradient on the biological 
processes in the body must also be considered as haemoglobin, for example, contains iron. 
 
 
 
Introduction 
 Magnetic hyperthermia utilizes the unique 
characteristics of nanoscale particles to 
induce heat into the surrounding medium [1, 
2]. Gold nanoparticles have particularly high 
extinction rates due to the surface plasmon 
resonance and the absorption cross-section of 
gold nanoparticles is approximately 105 times 
larger [2] than the strongest absorbing 
organic dyes currently used (the surface 
plasmon resonance occurs when electron 
cloud oscillates about the atoms [1]). This 
energy is transferred into heating the 
surrounding medium causing the tissue 
temperature to increase. Cells undergo 
apoptosis (automated cell death) when 
subjected to temperatures above 42oC and so 
no inflammation occurs as with necrosis 
(sudden cell death) because the contents of 
the cell are removed by the immune system 
immediately [3]. This is one of the many 
advantages to using hyperthermia as a 
treatment for cancers. However, the particles 
must first reach their designated target. If this 
target is awkwardly placed and the aim is to 
be as non-invasive as possible, then transport 
through the body (via the cardiovascular 
system) with the use of a magnetic field 
gradient would be a possible solution. This 
paper aims to calculate the magnitude of the 
magnetic field gradient required to transport 
gold nanoparticles by overcoming the blood 
flow velocity in the aorta as an upper limit 
(this artery has the fastest flowing blood 
throughout the human body). 
 
Theory 
 The magnetic field gradient required to 
force to particle in a z direction is given by    
[1, 4, 5], 
 
𝑭 = (𝑚.∇)𝑩 = 𝑚𝜕𝐵
𝜕𝑧
,    (1) 
 
where m is the magnetic moment of the 
nanoparticle, and 𝜕𝐵
𝜕𝑧
 is the magnetic field 
gradient in one dimension. It has been 
assumed here that the patient is supine, the 
nanoparticle is suspended in the centre of the 
blood vessel and that the nanoparticle must 
travel in a straight line to reach its 
destination.  
The force in Equation 1 must overcome the 
drag due to viscous flow in order for the 
particles to move in the opposing direction to 
the blood flow. The force on the particle due 
to this is given by [6], 
 
𝐹 = 6𝜋𝜂𝑟Δ𝑣,     (2) 
 
where 𝜂 is the viscosity of blood, 𝑟 is the 
radius of the nanoparticle and Δ𝑣 is the 
difference in the blood velocity and desired 
particle velocity. In this example we have 
assumed the practitioner would prefer a 
velocity of ~1cms-1 for the nanoparticle so 
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that it can potentially be tracked. As the 
argument in Equation 1 must be greater than 
or equal to that in Equation 2, then the 
magnetic field gradient must be, 
 
𝜕𝐵
𝜕𝑧
 ≥  6𝜋𝜂𝑟Δ𝑣
𝑚
 .     (3) 
 
The viscosity of the blood 𝜂 is taken to be 
0.0027Nsm-2 [1], the radius r of the particle is 
1.9nm (containing approximately 212 atoms 
of gold [7]) and the magnetic moment m 
equates to 0.4µB [7] where µB is the Bohr 
magneton (9.27x10-24Am-2 [8]) (In reality, gold 
nanoparticles of larger sizes 9nm+ [1, 2, 6, 10, 
11] are being investigated for hyperthermia 
treatment aids but as magnetic moments 
generally increase with increasing size, the 
magnetic field gradient calculated in this 
paper will be higher than that required. 
However, current research is still in the early 
stages and so hyperthermia via 1.9nm 
diameter nanoparticles cannot be neglected 
[1, 2, 6, 10, 11]).The velocity difference is 
calculated as the velocity of blood flow in the 
aorta (~1ms-1 [12]) the desired particle 
velocity (taken as 1cms-1). This gives a value 
for Δ𝑣 of 1.01ms-1 (as they travel in opposing 
directions). When these values are 
substituted into Equation 3, the minimum 
magnetic field gradient required to overcome 
the blood flow in the aorta is 1.3x1013Tm-1.  
 
Conclusion 
 The highest magnetic field gradient that 
can be applied from outside the human body 
is ~50Tm-1 [1], and so the value calculated 
here of ~1013Tm-1 seems unlikely to be 
produced in the near future. This indicates the 
impractical use of a magnetic field gradient to 
transport gold nanoparticles. The magnetic 
field gradient also decays strongly with 
distance due to the attenuation of biological 
tissue [1] and would only penetrate a few mm 
into the human body. This limits the use of 
this technique to superficial regions only – 
highly impractical if the transport, as 
suggested here, was to be undertaken 
through the cardiovascular system. 
Another application issue is exciting these 
particles for hyperthermia uses. 10nm gold 
clusters have the highest extinction efficiency 
at ~500nm in blood [1] but biological tissue is 
also an excellent absorber of visible light.  
 A further issue is the effect of such a 
magnetic field gradient on the body. For 
example, haemoglobin contains iron and 
would therefore be forced against the blood 
flow. This would cause catastrophic health 
issues for the patient.  
 Another method of delivering the gold 
nanoparticles in a minimally invasive manner 
is to use biological targeting techniques. This 
involves knowing the specific antigens that 
the cancerous (or designated) cells express on 
their surfaces so that the exact opposite of 
their structures can be attached to the 
nanoparticles. This means that the 
nanoparticles will bind to these particular cells 
only. After this has been achieved, the process 
of heating the gold nanoparticles can be 
initiated. However, the specific antigens 
expressed are not always known and so this 
method will only work when sufficient 
research has been conducted.  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
References 
[1] Binns C, Introduction to Nanoscience and 
Nanotechnology (Wiley & Sons, 2010) 
[2] El-Sayed I, El-Sayed M, Huang X, Jain P, 
Nanomedicine 2.5:p681 (2007). 
[3] MacDonald F, Ford CHJ, Casson A, 
Molecular Biology of Cancer 2ed (2004). 
[4]Tanner B, Introduction to the Physics of 
Electrons in Solids (CUP, 1995). 
[5] Grant and Phillips, Electromagnetism 2ed, 
(Wiley & Sons, 1990). 
[6] Pankhurst QA, Connolly j, Jones SK, 
Dobson J, J. Phys.D: Appl. Phys. 36:p167-181 
(2003). 
[7] Yamamoto Y, Miura T, Teranishi T, Miyake 
M, Hori H, Direct Evidence for ferromagnetic 
spin polarization in gold nanoparticles (2008). 
[8] Luo W, Pennycook S, Pantelides S, Nano 
Letters, 7(10):p3134-3137 (2007) 
[9] Tipler PA, Mosca G, Physics for Scientists 
and Engineers 6ed (W.H Freeman, 2007). 
[10] Boisselier E and Astruc D, Chem. Soc. Rev. 
38:p1759-1782 (2009) 
[11] Alivisatos P, Nature Biotechnology 
22:p47-52 
[12] Mowat DHR, Haites NE, Rawles JM, 
Cardio. Res. 17:p75-80 (1983). 
